Nicotine at very low doses (5-30 nM) induced large amounts of luteinizing hormone-releasing hormone (LHRH) release, which was monitored as slow membrane depolarizations in the ganglionic neurons of bullfrog sympathetic ganglia. A nicotinic antagonist, d-tubocurarine chloride, completely and reversibly blocked the nicotine-induced LHRH release, but it did not block the nerve-firing-evoked LHRH release. Thus, nicotine activated nicotinic acetylcholine receptors and produced LHRH release via a mechanism that is different from the mechanism for evoked release. Moreover, this release was not caused by Ca 2؉ inf lux through either the nicotinic receptors or the voltage-gated Ca 2؉ channels because the release was increased moderately when the extracellular solution was changed into a Ca 2؉ -free solution that also contained Mg 2؉ (4 mM) and Cd 2؉ (200 M). The release did not depend on Ca 2؉ release from the intraterminal Ca 2؉ stores either because fura-2 f luorimetry showed extremely low Ca 2؉ elevation (Ϸ30 nM) in response to nicotine (30 nM). Moreover, nicotine evoked LHRH release when [Ca 2؉ ] elevation in the terminals was prevented by loading the terminals with 1,2-bis(2-aminophenoxy)ethane-N,N,N,Ntetraacetic acid and fura-2. Instead, the nicotine-induced release required extracellular Na ؉ because substitution of extracellular NaCl with N-methyl-D-glucamine chloride completely blocked the release. The Na ؉ -dependent mechanism was not via Na ؉ inf lux through the voltage-gated Na ؉ channels because the release was not affected by tetrodotoxin (1-50 M) plus Cd 2؉ (200 M). Thus, nicotine at very low concentrations induced LHRH release via a Na ؉ -dependent, Ca 2؉ -independent mechanism.
Nicotine augments exocytosis in rat PC12 cells (1) , enhances synaptic transmission between central neurons (2, 3) , and triggers exocytosis in bovine chromaffin cells (4) . Nicotine also enhances the release of many neuropeptides from various systems (5) (6) (7) (8) (9) , including the autonomic nervous systems (5) (6) (7) (8) , where release was monitored by biochemical assays of extracellular or blood levels of neuropeptides. However, the cellular mechanisms for the effect of nicotine on neuropeptide release in the autonomic nervous systems are not clear.
The plasma concentration of nicotine in habitual cigarette smokers was reported to be 16.6 nM after overnight abstinence and increased to 104.7 nM after smoking about one and one-third cigarettes (10) . The plasma concentration of nicotine in healthy nonsmokers averages 4.7 nM after a 15-min exposure to passive smoking (11) . In this study, we investigated the effects of nanomolar concentrations (5-30 nM) of nicotine on neuropeptide release in the bullfrog paravertebral sympathetic ganglia. In these ganglia, the presynaptic C terminals release a fast-acting neurotransmitter, acetylcholine (ACh), as well as a neuropeptide, luteinizing hormone-releasing hormone (LHRH; ref. 12) . Release of ACh causes a nicotinic excitatory postsynaptic potential in the postsynaptic ganglionic C neuron, which results in an action potential in the C neuron. Release of LHRH produces a late, slow excitatory postsynaptic potential in both B and C neurons by blocking the voltage-and time-dependent M channels (13) . By monitoring membrane potentials in the ganglionic neurons and by measuring [Ca 2ϩ ] transients in the presynaptic C terminals, we found that nicotine triggered LHRH release. Furthermore, the nicotineinduced LHRH release was Na 
MATERIALS AND METHODS
Preparations of paravertebrate sympathetic ganglia 7-10 were isolated from 5-to 10-cm bullfrogs and were set up for intracellular electrophysiological recording as described (14, 15) . Impaled cells were classified as B or C neurons according to the conduction velocity of their axons (14) . The intraterminal [Ca 2ϩ ] ( [Ca 2ϩ ] i ) in presynaptic C terminals was measured by using fura-2 fluorimetry as described (16) . The fluorimetric data were digitized at 0.1 kHz.
In some experiments, the presynaptic nerves and their terminals were filled with 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid (BAPTA) tetrapotassium salt by using a filling procedure that differed in two respects from that described previously (16) . First, we used a mixture of 1 grain of fura-2 salt to 5 grains of BAPTA salt for the filling process. Second, we eliminated the cooling period between loading of the terminals and the optical and electrophysiological recordings. Images of fura-2-filled terminals were taken by a cooled digital charge-coupled device camera (Photometrics, Tucson, AZ).
Nicotine (3 ml of 5-30 nM) was applied by superfusion at rates between 1 and 1.5 ml͞min. Because 20 or 30 nM nicotine blocked the postsynaptic ACh receptors and the blockade was reversed after a 30-min wash with normal Ringer's solution, we typically washed for 30 min between any two drug treatments. ]LHRH (100 M; Glp indicates pyroglutamic acid), a potent antagonist for LHRH receptors, chicken LHRH II (20 M), or salmon LHRH (tLHRH; 100 M) was applied by pressure pulses at 4 bars (1 bar ϭ 100 kPa). The puffer pipettes had openings of Ϸ4 M in diameter and were positioned 50-100 m away from the somata of the impaled ganglion cells. ]LHRH, chicken LHRH II, and tLHRH were from Peninsula Laboratories. Fura-2 pentapotassium salt and BAPTA tetrapotassium salt were from Molecular Probes. Tetrodotoxin (TTX) was from Calbiochem. Group data were expressed as means Ϯ SEM unless specified otherwise.
RESULTS
Nicotine-Induced Release of LHRH. Superfusion of 3 ml of nicotine (5 nM) induced a slow depolarization in both C and B cells (Fig. 1A) , whereas 1 nM nicotine produced no response (Fig. 1C) . As illustrated by Fig. 1B and summarized in Fig. 1C , higher concentrations of nicotine produced larger depolarizations. Indeed, 30 nM nicotine induced depolarizations whose averaged amplitude (13.0 Ϯ 0.9 mV) was twice of that induced by 5 nM nicotine (6.3 Ϯ 0.6 mV) (Fig. 1C) . ]LHRH, in both B and C neurons, as illustrated in Fig. 1D . Note that applications of the antagonist before nicotine treatments in these two cells did not produce significant membrane hyperpolarizations. Nicotine-evoked membrane depolarizations were blocked by the LHRH receptor antagonist in all tested cells (n ϭ 29).
The nicotine-induced slow depolarizations were completely and reversibly blocked by a nicotinic receptor antagonist, dTC (n ϭ 6; Fig. 2A ). Thus, nicotine produced LHRH release via activation of nicotinic ACh receptors (nAChRs).
In sharp contrast, nerve-firing-evoked release of LHRH was not blocked by dTC (n ϭ 4; Fig. 2B ), whereas the nicotinic excitatory postsynaptic potential and the orthodromic action potentials in the postsynaptic C neurons were completely blocked (Fig. 2Bb) . In dTC-treated samples, the averaged peak amplitude of the LHRH excitatory postsynaptic potential was 1.2 Ϯ 0.5 (mean Ϯ SD) times that recorded in normal Ringer's solution. These results suggest that nicotine activated nAChRs that were not located on the postsynaptic neurons. Moreover, a large proportion of the nerve-firing-evoked LHRH release was not caused by feedback of ACh released from the presynaptic nerve terminals.
Nicotine-Induced Release of LHRH Was Ca 2؉ Independent. The nerve-evoked LHRH release from these terminals is known to depend on Ca 2ϩ influx (12, 15, 16) . Activation of the nAChRs could produce Ca 2ϩ influx via direct Ca (18, 19) . To compensate for the postsynaptic effects of the Ca 2ϩ -free solution on the assay system for LHRH release, we pressure ejected exogenous tLHRH or chicken LHRH II immediately after the response to nicotine under both control and experimental conditions. The nicotine-induced LHRH release then was expressed as the ratio of the depolarization induced by nicotine to that induced by exogenous LHRH. On average, the nicotine-induced LHRH release in the Ca , fura-2 was used to identify the filled terminals and to monitor [Ca 2ϩ ] i . An example of filled terminals synapsing onto a C cell is shown in Fig. 3Ca . When terminals were filled by fura-2 alone, 100 electrical stimuli delivered at 20 Hz typically increased the [Ca 2ϩ ] i by several hundred nanomolar (16, 20) . Because this stimulation did not produce any [Ca 2ϩ ] elevation in the BAPTA-and fura-2-filled terminals (Fig.  3Cb) , there must be a sufficient amount of BAPTA within these terminals to buffer hundreds of nanomolar Ca 2ϩ . Yet, nicotine-induced LHRH release persisted (Fig. 3Cc) . Similar results were obtained in another two cells. Thus, Ca 2ϩ release from intraterminal stores was not likely to cause the nicotineinduced LHRH release.
The sharp contrast in the Ca 2ϩ dependency between the nicotine-and the nerve firing-induced LHRH release suggests that these two release processes occurred via independent mechanisms.
Nicotine-Induced LHRH Release Was Na ؉ Dependent. We tested whether the nicotine-induced release depended on Na (Fig. 4 A and B) . Removal or reduction of extracellular Na ϩ also decreased the postsynaptic cells' responses to exogenous LHRH by at most 35% (Fig. 4B) . But this reduction in postsynaptic response to LHRH could not account for the fact that there was no nicotine response when [Na ϩ ] o was 0 and 16 mM (Fig. 4 A and B (17, 21) . As illustrated in Fig. 4C , under these conditions, the antidromic action potentials were completely blocked in the C neurons. Yet the nicotinic responses remained. Similar results were obtained in two other cells. Although this treatment reduced the amplitude of the nicotinic response slightly, i.e., the peak amplitude in TTX plus Cd 2ϩ was 0.86 Ϯ 0.11 (mean Ϯ SD) of that in normal Ringer's solution, and increased the duration of the response, these changes were postsynaptic in nature because the response to exogenous LHRH was similarly altered (Fig. 3C) . In fact, the ratio of peak amplitudes of the nicotine and LHRH responses in TTX plus Cd 
DISCUSSION
Our results showed that nicotine at very low concentrations triggered release of LHRH via a Na ϩ -dependent and Ca 2ϩ -independent mechanism in the bullfrog sympathetic ganglia. In sharp contrast to our study, earlier studies of nicotineenhanced release of neurotransmitters and nicotine-induced exocytosis of dense-cored vesicles both depend on the elevation of intraterminal Ca 2ϩ via either Ca . Thus, if influx of Na ϩ directly triggered peptide release via some unknown mechanism(s), the influx was through the nAChRs, which in autonomic ganglia are permeable to Na ϩ (22) . The presence of [Na ϩ ] o also produced TTX-insensitive release of neuropeptides in rat isolated neurohypophysial nerve endings, where release was monitored by biochemical methods (23) .
Results of our TTX experiments suggest that Na ϩ affected nicotine-induced release at sites close to the presynaptic nAChRs but not close to the Na ϩ channels. Because Na ϩ channels are located at the terminals as well as along the presynaptic axons, the nAChRs are likely to be in the glial cells that surround the terminals. One possible scenario that is consistent with all of our current data is depicted in Fig. 5 , where we depict that nicotine induces apparent LHRH release via inhibition of LHRH transporters. The reason for putting the nAChRs in the glial cells that surround the terminals is that this would explain the extremely low intraterminal [Ca Although we are not aware of any reported study of LHRH transporters, on principle it is not impossible for such molecules to exist because many types of peptide transporters have been found in the gut and kidney epithelial cells. We postulate that activation of nAChRs blocks the LHRH transporters via inhibition of the Na ϩ ͞H ϩ exchangers. One such receptor for neurotransmitters, ␤ 2 -adrenergic receptors, recently has been found to inhibit Na ϩ ͞H ϩ exchangers (25) . For the postulated scheme to operate in the absence of evoked LHRH release, there must be spontaneous release of LHRH. We detected spontaneous release of LHRH in most ganglionic neurons (unpublished data). To reiterate the hypothesis, some of the LHRH molecules that are spontaneously released from the terminals are taken up into the surrounding glial cell by proton-coupled LHRH transporters. Nicotine activation of nAChRs somehow inhibits the transporters, and the inhibited uptake of LHRH manifests itself as LHRH ''release,'' which is detected by the postsynaptic neuron. Many lines of research are needed to verify this hypothesis.
Activity of C neurons regulates the tension of the artery walls by releasing both epinephrine and neuropeptide Y (26) (27) (28) . Moreover, neuropeptide Y greatly potentiates the tension produced by epinephrine (29) . Thus, in bullfrogs, nicotine at nanomolar concentrations could increase blood pressure via enhanced release of either epinephrine and͞or neuropeptide Y. Nicotine-induced LHRH release depolarized both ganglionic B and C cells and thus rendered them more excitable. This would lead to at least an increased release of epinephrine from the terminals of the C neurons. If nicotine at such a small dose could increase release of neuropeptide Y via a mechanism similar to that for release of LHRH, nicotine's effects on blood pressure should be even more profound. On the other hand, nicotine's effects on the B neurons would alter the activities of the target tissues of the B neurons.
The sympathetic system in humans is similar to that in bullfrogs except that, instead of epinephrine, the terminals of the ganglionic neurons release norepinephrine. Because passive smoking could increase the blood level of nicotine to Ϸ5 nM, our finding of the strong effects of nanomolar concentrations of nicotine on the ganglionic neurons could have implications on the effects of smoking, both active and passive, for humans.
In summary, we found that nicotine at very low concentrations produced LHRH release in bullfrog sympathetic ganglion. Moreover, this release depended on extracellular Na ϩ instead of extra-or intraterminal Ca 2ϩ . Neurotransmitter release from nerve terminals and͞or exocytosis from the somata of many types of nonneuronal cells has been found to be triggered by intracellular [Ca 2ϩ ] increases. Our results revealed a different mechanism for neuropeptide release. Moreover this release process coexisted with the Ca 2ϩ -dependent release in the same synaptic system.
